Structural, spin, and metal-insulator transitions of (Mg,Fe)O at
  ultrahigh pressure by Hsu, Han & Umemoto, Koichiro
Structural, spin, and metal–insulator transitions of (Mg,Fe)O at
ultrahigh pressure
Han Hsu1, ∗ and Koichiro Umemoto2
1Department of Physics, National Central University, Taoyuan City 32001, Taiwan
2Earth-Life Science Institute, Tokyo Institute of Technology, Tokyo 152-8550, Japan






























Fe-bearing MgO [(Mg1−xFex)O] is considered a major constituent of terrestrial exoplanets. Crys-
tallizing in the B1 structure in the Earth’s lower mantle, (Mg1−xFex)O undergoes a high-spin (HS,
S = 2) to low-spin (LS, S = 0) transition at ∼45 GPa, accompanied by anomalous changes of this
mineral’s physical properties, while the intermediate-spin (IS, S = 1) state has not been observed.
In this work, we investigate (Mg1−xFex)O (x ≤ 0.25) up to 1.8 TPa via first-principles calculations.
Our calculations indicate that (Mg1−xFex)O undergoes a simultaneous structural and spin transi-
tion at ∼0.6 TPa, from the B1 phase LS state to the B2 phase IS state, with Fe’s total electron spin
(S) re-emerging from 0 to 1 at ultrahigh pressure. Upon further compression, an IS–LS transition
occurs in the B2 phase. Depending on the Fe concentration (x), metal–insulator transition and
rhombohedral distortions can also occur in the B2 phase. These results suggest that Fe and spin
transition may affect planetary interiors over a vast pressure range.
Fe-bearing MgO with the B1 (NaCl-type) structure, also known as ferropericlase (Mg1−xFex)O
(0.1 < x < 0.2), is the second most abundant mineral in the Earth’s lower mantle (depth
660–2890 km, pressure range 23–135 GPa), constituting ∼20 vol% of this region. Experi-
ments and first-principles calculations have shown that B1 MgO remains stable up to ∼0.5
TPa and transforms into the B2 (CsCl-type) structure upon further compression [1–13].
First-principles calculations have also predicted that B2 MgO remains dynamically stable
up to at least ∼4 TPa [10, 14, 15]. MgO has thus been considered a major constituent of
terrestrial super-Earths (exoplanets with up to ∼10 times of the Earth’s mass), where the
interior pressure can reach to the tera-Pascal regime [16, 17].
With the abundance of Fe in the Earth interior, B1 MgO in the Earth’s lower mantle
contains 10–20 mol% of Fe. Likewise, in terrestrial super-Earths, MgO is expected to con-
tain considerable amount of Fe. With the incorporation of Fe, physical properties of the
host mineral can be drastically changed. For example, in B1 (Mg1−xFex)O, Fe undergoes
a pressure-induced spin transition (also referred to as spin crossover) from the high-spin
(HS, S = 2) to the low-spin (LS, S = 0) state at ∼45 GPa [18–20]; the intermediate-spin
(IS, S = 1) state has never been observed in experiments and has been ruled out by first-
principles calculations [21]. The HS–LS transition of B1 (Mg1−xFex)O is accompanied by
anomalous changes of the structural, electronic, optical, magnetic, elastic, thermodynamic,
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and transport properties of this mineral [22–35]; it has also been proposed to change the
iron diffusion and iron partitioning [20], to control the structure of the large low velocity
provinces [36], and to generate the anti-correlation between bulk sound and shear veloc-
ities in the Earth’s lower mantle [37]. Despite extensive studies on B1 (Mg1−xFex)O, B2
MgO, and the end member FeO (crystallizing in the B1 structure at pressure P . 25 GPa,
undergoing complicated structural transitions upon compression [38–41], and stabilizing in
the B2 structure at P & 250 GPa [42]), effects of Fe and spin transition on the properties
of B2 MgO and the B1–B2 transition remain unclear, especially for low Fe concentration
(x ≤ 0.25) relevant to planetary interiors.
In this work, we study (Mg1−xFex)O at ultrahigh pressure using the local density ap-
proximation + self-consistent Hubbard U (LDA+Usc) method, see Supplemental Material
(SM) [43] for further details. With the Hubbard U parameters computed self-consistently,
LDA+Usc has been established as a reliable approach to study Fe-bearing minerals at high
pressure, given its previous success in various minerals of geophysical/geochemical impor-
tance, including B1 (Mg1−xFex)O, Fe-bearing perovskite and post-perovskite MgSiO3, fer-
romagnesite (Mg1−xFex)CO3, and the new hexagonal aluminous (NAL) phase [21, 44–50].
To investigate the effects of Fe concentration (x), we perform calculations on (Mg1−xFex)O
with x = 0.125 and 0.25 using 16 and 8-atom supercells, respectively (Fig. 1). For B2 IS
(Mg0.75Fe0.25)O, we find ferromagnetic (FM) order more energetically favorable than anti-
ferromagnetic (AFM) order; we therefore present FM results in this paper.
For B2 (Mg1−xFex)O, both the IS and LS states can be obtained within LDA+Usc at
ultrahigh pressure, while the HS state can only be obtained at P . 0.29 TPa. The Hubbard
Usc of Fe in (Mg0.875Fe0.125)O at various volume/pressure are shown in Fig. 2. Note that B2
(Mg0.875Fe0.125)O is stabilized via rhombohedral distortion (see Fig. 3 for further discussions),
hence referred to as rB2 hereafter. Evident from Fig. 2(b), for 0.5 < P < 1.8 TPa, Usc is
mainly affected by pressure (increasing with P by ∼2.5 eV), while Fe spin state and crystal
structure affect Usc by ∼0.5 eV. In contrast, for P < 0.15 TPa, Fe spin/valence state affects
Usc by up to ∼2 eV, while pressure affects Usc by up to ∼0.5 eV [21, 44–49].
Fe spin states in B1 and B2 (Mg1−xFex)O exhibit distinct properties, mainly arising from
the distinct crystal structures. In the B1 phase, Fe substitutes Mg in the 6-coordinate
octahedral site (Fig. 1 and Fig. S1 in SM [43]); the Fe t2g orbitals have lower energy than










respectively (Fig. S1). In the B2 phase, Fe substitutes Mg in the 8-coordinate site (Fig. 1);
the Fe eg orbitals have lower energy than the t2g orbitals, and the orbital occupations of the
IS and LS states are both e4gt
2
2g (Fig. S2 [43]). In cubic B2 (Mg1−xFex)O, as detailed in SM,
the FeO8 polyhedra are cubic (Oh symmetry); the three degenerate t2g orbitals are partially
occupied, forming a partially filled t2g band spanning across the Fermi level (EF ). Cubic B2
(Mg1−xFex)O is thus metallic for x ≤ 0.25, regardless of the Fe spin state. Remarkably, for
x = 0.125, cubic B2 (Mg1−xFex)O is dynamically unstable (Fig. S2), despite that MgO and
FeO are both stabilized in the B2 structure at ultrahigh pressure.
Depending on the Fe spin state, dynamically unstable cubic B2 (Mg0.875Fe0.125)O is sta-
bilized via rhombohedral compression or elongation. As shown in Figs. 3(a) and 3(f), the
IS/LS state is rhombohedrally compressed/elongated, with shortened/stretched Fe-O bonds
along the [111] direction and increased/reduced rhombohedral angle (α). The resultant rB2
structures for both spin states have no soft phonon [Figs. 3(b) and 3(g)]. With rhombohe-
dral distortion, the FeO8 cubes become FeO8 dodecahedra (D3d symmetry), and the three
t2g orbitals split into a singlet (a1g), which is a dz2-like orbital along the [111] direction, and
a doublet (e′g). For the IS state, with shortened Fe-O bonds along the [111] direction, the
a1g orbital has higher energy than the e
′
g orbitals; the four spin-up electrons occupy the eg
and e′g orbitals, and the two spin-down electrons occupy the eg orbitals [Fig. 3(c)]. With the
splitting of t2g orbitals, an energy gap of 0.3 eV is opened between the e
′
g and a1g bands, as
shown in the density of states (DOS) [Fig. 3(e)]. The e′g and a1g characters of these bands
can be visualized via the integrated local density of states (ILDOS) over the energy intervals
of these bands [Fig. 3(d)]. Noticeably, the sum of a1g and e
′
g ILDOS has a cubic-like shape,
same as the t2g ILDOS shown in Fig. S2(d). For the LS state, with stretched Fe-O bonds
along the [111] direction, the a1g orbital has lower energy than the e
′
g orbitals [Fig. 3(h)]; the
three spin-up and three spin-down electrons fully occupy the eg and a1g orbitals, with the e
′
g
orbitals left empty, resulting in a gap of 2.0 eV between the a1g and e
′
g bands [Fig. 3(j)]. The
a1g and e
′
g characters of these two bands can be also observed from the ILDOS [Fig. 3(i)]. For
both spin states, the completely filled eg bands are embedded in the oxygen bands spanning
over −20 . E . −4 eV, similar to cubic B2 (Mg0.875Fe0.125)O (Fig. S2) and (Mg0.75Fe0.25)O
discussed below.
In B2 (Mg0.75Fe0.25)O, a three-dimensional network of corner-sharing FeO8 is formed
(Fig. 1), which suppresses the rhombohedral distortion and stabilizes the cubic B2 struc-
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ture (Fig. 4). While the LS state can be obtained throughout 0.2–1.8 TPa, the IS state
undergoes a magnetic collapse: The total magnetization M decreases from 2µB/Fe to 0 in
the interval of 0.6 < P < 1.1 TPa; for P > 1.1 TPa, only the LS state (M = 0) can be
obtained [Fig. 4(a)]. Over the course of magnetic collapse, B2 (Mg0.75Fe0.25)O remains dy-
namically stable [Figs. 4(b)–4(d)], and the t2g band in the spin-up/down channel is shifted
upward/downward [Figs. 4(e)–4(g)]: Before the magnetic collapse (M = 2µB/Fe), the spin-
up t2g band spans across EF (≡ 0 eV) while the spin-down t2g band lies above EF [Fig. 4(e)];
when the magnetic collapse completes (M = 0, LS state), the t2g bands in both spin channels
align and span across EF [Fig. 4(g)].
In Fig. 5, we analyze the structural and spin transitions of (Mg1−xFex)O by plotting
the relative enthalpies (∆H) of relevant states, with the rB2/B2 IS state as the reference.
As shown in Fig. 5(a), (Mg0.875Fe0.125)O transforms from the B1 LS state into the rB2 IS
state at 0.642 TPa. Upon further compression, the rB2 IS state undergoes a spin transition
to the rB2 LS state at 1.348 TPa. Throughout these transitions, (Mg0.875Fe0.125)O remains
insulating. Remarkably, in the simultaneous structural (B1–rB2) and spin (LS–IS) transition
at 0.642 TPa, Fe’s total electron spin S re-emerges from 0 to 1, opposite to the perception
that S decreases upon compression. Furthermore, IS Fe2+ is energetically favorable over a
wide pressure range (0.612–1.348 TPa), while this state has not been observed in the Earth’s
major lower-mantle minerals, e.g. B1 (Mg1−xFex)O, Fe-bearing MgSiO3, (Mg1−xFex)CO3,
and the NAL phase [21, 44–49]. For (Mg0.75Fe0.25)O [Fig 5(b)], a simultaneous structural,
spin, and metal–insulator transition occurs at 0.539 TPa, from the insulating B1 LS state
to the metallic B2 IS state (notice that S increases). Upon further compression, an IS–LS
transition occurs in metallic B2 (Mg0.75Fe0.25)O at 0.855 TPa. [In Fig 5(b), the equation
of state (EoS) of the B2 IS state is fitted using the data points at P < 0.988 TPa with
M > 0]. Figure 5 further indicates that spin, structural, and metal–insulator transition of
B2 (Mg1−xFex)O can be induced by the change of Fe concentration (x) with the depth or
region in planetary interiors. If x increases from 0.125 to 0.25 in the depth/region of 0.642–
0.855 TPa, a simultaneous structural and metal–insulator transition occurs (insulating rB2
IS → metallic B2 IS); if x increases from 0.125 to 0.25 in the depth/region of 0.855–1.348
TPa, a simultaneous structural, spin, and metal–insulator transition occurs (insulating rB2
IS → metallic B2 LS). While all the above predictions are based on LDA+Usc calculations,
we have obtained similar results using constant Hubbard U (Fig. S3 [43]).
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At temperature T 6= 0, spin transition goes through a mixed-spin (MS) phase/state, in
which different spin states coexist. For B2 (Mg1−xFex)O, only the IS and LS states are
relevant. Without considering the lattice vibration, the LS fraction (nLS) in the MS phase
can be written nLS = 1/ [1 + 3 exp(∆H/kBTx)] [see Eq. (S9) in SM], where ∆H ≡ HLS −
HIS, and the IS fraction nIS = 1− nLS. This approach, while based on static calculations,
gives results in good agreement with room-temperature experiments [21, 45, 48, 49, 51]. In
Fig. 6, the LS/IS fractions, compression curves, and bulk modulus of B2 (Mg1−xFex)O at
T = 300 K are shown. For x = 0.125, the IS–LS transition is smooth and spans over a wide
pressure range [Fig. 6(a)], due to the small enthalpy difference (∆H) between the rB2 IS and
LS states [Fig. 5(a)]. The compression curves of the MS, IS, and LS states [see Eq. (S10)]
are nearly the same [Fig. 6(b)]; their difference is barely noticeable even when plotted as
relative volume difference with respect to pure B2 MgO [(V − VMgO)/VMgO, Fig. 6(c)]. As a
consequence, the bulk modulus K ≡ −V ∂P/∂V barely changes during the spin transition
[Fig. 6(d)]. For x = 0.25, the spin transition is more abrupt [Fig. 6(e)], due to the larger
∆H between the B2 IS and LS states [Fig. 5(b)]. With increasing Fe concentration (x),
the volume difference between the LS and IS states also increases [Fig. 6(f)], which leads to
more prominent volume (∼0.5%) and elastic anomalies [Figs. 6(g) and 6(h)]. These results
contrast with the B1 phase, which exhibits prominent anomalies in volume and bulk modulus
for 0.06 ≤ x < 0.19 [19, 27–30].
Experiments and computations have confirmed that HS–LS transitions in B1 (Mg1−xFex)O
and ferromagnesite (Mg1−xFex)CO3 are accompanied by significant anomalies in thermal
expansivity, heat capacity, Grüneisen parameter, thermal conductivity, and elastic tensors
[27–32, 34, 35, 50]. As the temperature increases, the spin transition pressure increases, and
the transition is broadened [28, 50], while the anomalous increase of heat capacity remains
the same at high T without smearing out [50]. To investigate anomalous thermal properties
of B2 (Mg1−xFex)O accompanying spin transition at high P–T conditions, vibrational free
energy must be included in the calculations. Thermal calculations are thus highly desirable
and will be left for future studies.
Using LDA+Usc calculations, we have investigated (Mg1−xFex)O at ultrahigh pressure up
to 1.8 TPa. Our calculations indicate that Fe greatly affect properties of (Mg1−xFex)O, even
at low Fe concentration x ≤ 0.25. For x = 0.125, insulating (Mg0.875Fe0.125)O undergoes a
simultaneous structural and spin transition (B1 LS → rB2 IS) at 0.642 TPa, followed by a
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spin transition (rB2 IS–LS) at 1.348 TPa. For x = 0.25, (Mg0.75Fe0.25)O undergoes a simul-
taneous structural, spin, and metal–insulator transition (insulating B1 LS→ metallic B2 IS)
at 0.539 TPa, followed by a spin transition (metallic B2 IS–LS) at 0.855 TPa. Remarkably,
Fe’s total electron spin S re-emerges from 0 to 1 in the B1–rB2/B2 transition. Further-
more, structural, spin, and metal–insulator transitions of B2 (Mg1−xFex)O can be induced
by the change of Fe concentration (x). These results suggest that Fe and spin transition
may greatly affect planetary interiors over a vast pressure range, considering the anomalous
changes of thermal and elastic properties accompanying the spin transition.
Acknowledgments H.H. acknowledges supports from the Ministry of Science and Tech-
nology of Taiwan under Grants No. MOST 107-2112-M-008-022-MY3 and 107-2119-M-009-
009-MY3. K.U. acknowledges support from the JSPS Kakenhi Grant No. 17K05627. Calcu-
lations were performed at National Center for High-performance Computing, Taiwan, and
the Global Scientific Information and Computing Center at Tokyo Institute of Technology,
Japan.
∗ Corresponding author: hanhsu@ncu.edu.tw
[1] R. S. McWilliams, D. K. Spaulding, J. H. Eggert, P. M. Celliers, D. G. Hicks, R. F. Smith,
G. W. Collins, and R. Jeanloz, Science 338, 1330 (2012).
[2] F. Coppari, R. F. Smith, J. H. Eggert, J. Wang, J. R. Rygg, A. Lazicki, J. A. Hawreliak, G.
W. Collins and T. S Duffy, Nat. Geosci. 6, 926 (2013).
[3] K. Miyanishi, Y. Tange, N. Ozaki, T. Kimura T. Sano, Y. Sakawa, T. Tsuchiya, and R.
Kodama, Phys. Rev. E 92, 023103 (2015).
[4] S. Root, L. Shulenburger, R. W. Lemke, and D. H. Dolan, Phys. Rev. Lett. 115, 198501
(2015).
[5] A. R. Oganov, M. J. Gillan, and G. D. Price, J. Chem. Phys. 118, 10174 (2003).
[6] D. Alfe, M. Alfredsson, J. Brodholt, M. J. Gillan, M. D. Towler, and R. J. Needs, Phys. Rev.
B 72, 014114 (2005).
[7] A. B. Belonoshko, S. Arapan, R. Martonak, and A. Rosengren, Phys. Rev. B 81, 054110
(2010).
[8] B. Boates and S. A. Bonev, Phys. Rev. Lett. 110, 135504 (2013).
7
[9] D. Cebulla and R. Redmer, Phys. Rev. B 89, 134107 (2014).
[10] T. Taniuchi and T. Tsuchiya, J. Phys.: Condens. Matter 30 11400, (2018).
[11] J. Bouchet, F. Bottin, V. Recoules, F. Remus, G. Morard, R. M. Bolis, and A. Benuzzi-
Mounaix, Phys. Rev. B 99, 094113 (2019).
[12] M. J. Mehl, R. E. Cohen, and H. Krakauer, J. Geophys. Res. 93, 8009 (1988).
[13] B. B. Karki, L. Stixrude, S. J. Clark, M. C. Warren, G. J. Ackland, and J. Crain, Am. Mineral.
82, 51 (1997).
[14] K. Umemoto, R. M. Wentzcovitch, and P. B. Allen, Science 311, 983 (2006).
[15] K. Umemoto, R. M. Wentzcovitch, S. Wu, M. Ji, C. Z. Wang, and K. M. Ho, Earth Planet.
Sci. Lett. 478, 40 (2017).
[16] T. Duffy, N. Madhusudhan, and K. K. M. Lee, Treatise on Geophysics, 2nd edition, Vol 2,
149 (2015).
[17] A. P. van den Berg, D. A. Yuen, K. Umemoto, M. H. G. Jacobs, and R. M. Wentzcovitch,
Icarus 317, 412 (2019).
[18] H. Hsu, K. Umemoto, Z. Wu, and R. M. Wentzcovitch, Rev. Mineral Geochem. 71, 169 (2010).
[19] J.-F. Lin, S. Speziale, Z. Mao, and H. Marquardt, Rev. Geophys.51, 244 (2013).
[20] J. Badro, Annu. Rev. Earth Planet. Sci. 42, 231 (2014).
[21] H. Hsu and R. M. Wentzcovitch, Phys. Rev. B 90, 195205 (2014).
[22] J. Badro, G. Fiquet, F. Guyot, J. Rueff, V. Struzhkin, G. Vanko, and G. Monaco, Science
300, 789 (2003).
[23] J.-F. Lin, V. V. Struzhkin, S. D. Jacobsen, M. Y. Hu, P. Chow, J. Kung, H. Liu, H.-k. Mao,
and R. J. Hemley, Nature 436, 377 (2005).
[24] T. Tsuchiya, R. M. Wentzcovitch, C. R. S. da Silva, and S. de Gironcoli, Phys. Rev. Lett. 96,
198501 (2006).
[25] A. F. Goncharov, V. V. Struzhkin, and S. D. Jacobsen, Science 312, 1205 (2006).
[26] J.-F. Lin, G. Vanko, S. D. Jacobsen, V. Iota, V. V. Struzhkin, V. B. Prakapenka, A. Kuznetsov,
and C.-S. Yoo, Science 317, 1740 (2007).
[27] J. Crowhurst, J. M. Brown, A. F. Goncharov, and S. D. Jacobsen, Science 319, 451 (2008).
[28] Z. Wu, J. F. Justo, C. R. S. da Silva, S. de Gironcoli, and R. M. Wentzcovitch, Phys. Rev. B
80, 014409 (2009).
[29] R. M. Wentzcovitch, J. F. Justo, Z. Wu, C. R. S. da Silva, D. A. Yuen, and D. Kohlstedtd,
8
Proc. Natl. Acad. Sci. 106, 8447 (2009).
[30] H. Marquardt, S. Speziale, H. J. Reichmann, D. J. Frost, F. R. Schilling, and E. J. Garnero,
Science 324, 224 (2009).
[31] D. Antonangeli, J. Siebert, C. M. Aracne, D. L. Farber, A. Bosak, M. Hoesch, M. Krisch,
F. J. Ryerson, G. Fiquet, and J. Badro, Science 331, 64 (2011).
[32] Z. Wu, J. F. Justo, and R. M. Wentzcovitch, Phys. Rev. Lett. 110, 228501 (2013).
[33] E. Holmstrom and L. Stixrude, Phys. Rev. Lett. 114, 117202 (2015).
[34] K. Ohta, T. Yagi, K. Hirose, and Y. Ohishi, Earth Planet. Sci. Lett. 465, 29 (2017).
[35] W.-P. Hsieh, F. Deschamps, T. Okuchi, and J.-F. Lin Proc. Natl. Acad. Sci. 115, 4099 (2018).
[36] C. Huang, W. Leng, and Z. Wu, Earth Planet. Sci. Lett. 423, 173 (2015).
[37] Z. Wu and R. M. Wentzcovitch Proc. Natl. Acad. Sci. 111, 10468 (2014).
[38] K. Ohta, K. Hirose, K. Shimizu, and Y. Ohishi, Phys. Rev. B 82, 174120 (2010).
[39] H. Ozawa, K. Hirose, K. Ohta, H. Ishii, N. Hiraoka, Y. Ohishi, and Y. Seto, Phys. Rev. B 84,
134417 (2011).
[40] R. A. Fischer, A. J. Campbell, O. T. Lord, G. A. Shofner, P. Dera, and V. B. Prakapenka,
Geophys. Rev. Lett. 38, L24301 (2011).
[41] M. Hamada, S. Kamada, E. Ohtani, T. Mitsui, R. Masuda, T. Sakamaki, N. Suzuki, F. Maeda,
and M. Akasaka, Phys. Rev. B 93, 155165 (2016).
[42] H. Ozawa, F. Takahashi, K. Hirose, Y. Ohishi, and N Hirao, Science 334, 792 (2011).
[43] See Supplemental Material (SM) for the computation details, atomic and electronic structure
of B1 (Mg,Fe)O, dynamically unstable cubic B2 (Mg0.875Fe0.125), effects of the Hubbard U
parameter on calculation results, and the thermodynamic model from which nLS(P, T ) is
derived. In SM, Refs. 52–58 are cited.
[44] H. Hsu, K. Umemoto, P. Blaha, and R. M. Wentzcovitch, Earth Planet. Sci. Lett. 294, 19
(2010).
[45] H. Hsu, P. Blaha, M. Cococcioni, and R. M. Wentzcovitch, Phys. Rev. Lett. 106, 118501
(2011).
[46] H. Hsu, Y. G. Yu, and R. M. Wentzcovitch, Earth Planet. Sci. Lett. 359–360, 34 (2012).
[47] Y. G. Yu, H. Hsu, M. Cococcioni, and R. M. Wentzcovitch, Earth Planet. Sci. Lett. 331–332,
1 (2012).
[48] H. Hsu and S.-C. Huang, Phys. Rev. B 94, 060404(R) (2016).
9
[49] H. Hsu, Phys. Rev. B 95, 020406(R) (2017).
[50] H. Hsu, C. Crisostomo, W. Wang, and Z. Wu, arXiv:2010.07720 [cond-mat.mtrl-sci], and
references therein.
[51] H. Hsu and S.-C. Huang, Phys. Rev. Materials 2, 111401(R) (2018).
[52] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli, M. Calandra,
R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna, I. Carnimeo, A. Dal Corso, S.
de Gironcoli, P. Delugas, R. A. DiStasio Jr., A. Ferretti, A. Floris, G. Fratesi, G. Fugallo, R.
Gebauer, U. Gerstmann, F. Giustino, T. Gorni, J. Jia, M. Kawamura, H.-Y. Ko, A. Kokalj,
E. Kucukbenli, M. Lazzeri, M. Marsili, N. Marzari, F. Mauri, N. L. Nguyen, H.-V. Nguyen,
A. Otero-de-la-Roza, L. Paulatto, S. Ponce, D. Rocca, R. Sabatini, B. Santra, M. Schlipf,
A. P. Seitsonen, A. Smogunov, I. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, and S.
Baroni, J. Phys.: Condens. Matter 29, 465901 (2017).
[53] D. Vanderbilt Phys. Rev. B 41, 7892(R) (1990).
[54] M. Cococcioni and S. de Gironcoli, Phys. Rev. B 71, 035105 (2005).
[55] H. J. Kulik, M. Cococcioni, D. A. Scherlis, and N. Marzari, Phys. Rev. Lett. 97, 103001
(2006).
[56] B. Himmetoglu, A. Floris, S. Gironcoli, and M. Cococcioni, Int. J. Quantum Chem. 114, 14
(2014).
[57] I. Timrov, N. Marzari, and M. Cococcioni, Phys. Rev. B 98, 085127 (2018).
[58] A. Togo and I. Tanaka, Scr. Mater. 108, 1 (2015). See also http://phonopy.github.io/phonopy/
10
FIG. 1. Atomic structures of B1 and B2 (Mg1−xFex)O (x = 0.125 and 0.25). For the B2 phase,
connectivity of FeO8 polyhedra is also plotted.
FIG. 2. (a) Self-consistent Hubbard Usc of Fe in B1 and rB2 (Mg0.875Fe0.125)O at various volumes;
(b) Usc plotted with respect to pressure in the region of 0.2–1.8 TPa.
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FIG. 3. Rhombohedral distortions, stabilities, and electronic structures of rB2 (Mg0.875Fe0.125)O
at P ≈ 1.07 TPa. (a,f) FeO8 dodecahedra in the supercell, with the Fe-O bond lengths (in
Å) indicated by the numbers next to the oxygen atoms; (b,g) phonon dispersions; (c,h) orbital
occupations; (d,i) ILDOS of the e′g and a1g bands ; (e,j) total and projected DOS, with EF ≡ 0
eV.
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FIG. 4. Magnetic collapse and stability of cubic B2 IS (Mg0.75Fe0.25)O. (a) Total magnetization,
(b)–(d) phonon dispersion, and (e)–(g) total and projected DOS (with EF ≡ 0 eV) at various
pressures.
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FIG. 5. Relative enthalpies of B1 and B2/rB2 (Mg1−xFex)O in various spin states, with respect to
the B2/rB2 IS state. The vertical lines and the numbers above indicate the crossings and transition
pressures, respectively. (a) x = 0.125; (b) x = 0.25.
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FIG. 6. Spin transition and the accompanying volume/elastic anomalies of B2 (Mg1−xFex)O (x =
0.125 and 0.25) at T = 300 K. (a,e) Fractions of the IS and LS Fe2+; (b,f) compression curves;
(c,g) relative volume difference with respect to pure B2 MgO; (d,h) isothermal bulk modulus.
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In this work, all calculations are performed using the Quantum ESPRESSO codes [S1].
We use ultrasoft pseudopotentials (USPPs) generated with the Vanderbilt method [S2]. The
valence electron configurations for the generations are 2s22p63s23p03d0, 3s23p63d6.54s14p0,
and 2s22p43d0 for Mg, Fe, and O, respectively; the cutoff radii are 1.4, 1,8, and 1.0 a.u.
for Mg, Fe, and O, respectively. To properly treat the on-site Coulomb interaction of
Fe 3d electrons, we adopt the local density approximation + self-consistent Hubbard U
(LDA+Usc) method, with the Hubbard U parameters computed self-consistently [S3–S6].
Briefly speaking, we start with an LDA+U calculation with a trial U (the “input Uin”) to
obtain the desired spin state for (Mg1−xFex)O. For this LDA+Uin state, we compute the
second derivative of the LDA energy with respect to the 3d electron occupation at the Fe
site (d2ELDA/dn
2) via a density functional perturbation theory (DFPT) approach [S6] im-
plemented in Quantum ESPRESSO. This second derivative, d2ELDA/dn
2, is considered
as the “output Uout” and will be used as Uin in the next iteration. Such a procedure is
repeated until self-consistency is achieved, namely, Uin = Uout ≡ Usc. Phonon calculations
are performed using the Phonopy code [S7], which adopts the finite-displacement (frozen
phonon) method. The third-order Birch–Murnaghan equation of state (3rd BM EoS) is
used for the EoS fitting.
S2. B1 (Mg,Fe)O
In B1 (Mg1−xFex)O, Fe substitutes Mg in the 6-coordinate octahedral site [Fig. S1(a)].
In such a crystal field, the Fe t2g orbitals have lower energy than the eg orbitals. The






g, respectively [Fig. S1(b)]. In
Fig. S1(c), we plot the density of states (DOS) of B1 LS (Mg0.75Fe0.25)O at volume V = 35.32
Å3/cell (P = 0.559 TPa). With the crystal field splitting, a gap is opened between the eg
and t2g bands; B1 LS (Mg0.75Fe0.25)O is thus insulating.
S3. CUBIC B2 (Mg,Fe)O
In Fig. S2, we show the stabilities and electronic structures of cubic B2 (Mg1−xFex)O
with x = 0.125 at V = 55.310 Å3/cell (P ≈ 1.07 TPa). In the B2 phase, Fe substitutes Mg
2
in the 8-coordinate site (Fig. 1 in the main text). For cubic B2 (Mg0.875Fe0.125)O, the FeO8
polyhedra are cubic (Oh symmetry), with all eight Fe-O bonds in the same length. Also,
the Fe-O bonds of the IS Fe2+ are slightly longer than those of the LS Fe2+ [Figs. S2(a)
and S2(f)]. Remarkably, cubic B2 (Mg0.875Fe0.125)O is dynamically unstable, regardless of
the Fe spin state, as indicated by the soft phonon modes shown in Figs. S2(b) and S2(g).
Nevertheless, the electronic structure of cubic B2 (Mg0.875Fe0.125)O still provides valuable
insights. In the crystal field of 8-coordinate sites (FeO8), the Fe t2g orbitals have higher
energy than the eg orbitals [Figs. S2(c) and S2(h)]. For the IS state, the eg orbitals are fully
occupied, while the t2g orbitals are partially occupied by two spin-up electrons [Fig. S2(c)],
resulting in a partially filled t2g band in the spin-up channel, spanning across the Fermi
level EF (≡ 0 eV) from −1.7 to 1.3 eV, as can be observed from the DOS [Fig. S2(e)].
The t2g character of the t2g band can be visualized via the integrated local density of states
(ILDOS) in the intervals of −1.7 < E < 0 and 0 < E < 1.3 eV for the filled and empty
t2g states, respectively [Fig. S2(d)]. For the LS state, the t2g orbitals are partially occupied
by a spin-up and a spin-down electrons [Fig. S2(h)], leading to a partially filled t2g band
spanning from −1.2 to 1.6 eV [Fig. S2(j)]. The ILDOS of the filled and empty t2g states
[Fig. S2(i)] resemble those of the IS state. The completely filled eg bands of the IS and LS
states are embedded in the oxygen band spanning over −20 . E . −4 eV [Figs. S2(e) and
S2(j)].
S4. EFFECTS OF THE HUBBARD U PARAMETER
Within the LDA+U framework, calculation results may differ by the choice of the Hub-
bard U parameter. To examine the robustness of our LDA+Usc results in the main text,
we perform three more sets of LDA+U calculations, with U = 6, 7, and 8 eV. As shown in
Fig. S3, the main results of these LDA+U calculations are similar to the LDA+Usc results:
A transition from the B1 LS to the rB2/B2 IS state, followed by an IS–LS transition in the
rB2/B2 phase. The predicted B1–rB2/B2 transition pressure, for both Fe concentrations
(x = 0.125 and 0.25), are barely affected by the choice of U . The predicted IS–LS transition
pressure, in contrast, increases with U . Among these constant-U calculations, the results
obtained from U = 7 eV are overall in best agreement with LDA+Usc, as the average of Usc
in the interval of 0.5 < P < 1.8 TPa is ∼ 7 eV.
3
S5. THERMODYNAMIC MODEL
In this section, we detail the thermodynamic model for spin transition at nonzero tem-
perature (T ). This model has also been detailed in Refs. 18, 24, 28, and 49 of the main text.
At T 6= 0, spin transition of B2 (Mg1−xFex)O goes through a mixed-spin (MS) phase/state,
in which all spin states coexist. The fraction of spin state i (i = HS, IS, or LS) in the MS
phase is written as ni(P, T ). Here the MS phase is considered a solid solution consisting of
all spin states; its Gibbs free energy is written as
G(P, T ) =
∑
i
ni(P, T )Gi(P, T )− TSmix, (S1)
where Gi(P, T ) is the Gibbs free energy of spin state i, and S
mix is the mixing entropy of





The Gibbs free energy Gi of spin state i is contributed by several factors, written as





In the expression of Eq. (S3), Gvib+stati contains static and vibrational contributions. If the
vibrational contribution is disregarded, Gvib+stati is reduced to the static enthalpy Hi of spin
state i. The magnetic contribution Gmagi is derived from the magnetic entropy
Gmagi = −kBTx ln(2Seli + 1), (S4)
where Seli is the total electron spin of state i. For Fe
2+, SelHS = 2, S
el
IS = 1, and S
el
LS = 0.
Without the inclusion of vibrational free energy (namely, Gvib+stati reduced to Hi), the Gibbs
free energy of spin state i is written as
Gi(P, T ) = Hi − kBTx ln(2Seli + 1). (S5)
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As described in the main text, for B2 (Mg1−xFex)O, only the IS and LS states are relevant,
namely, nLS + nIS = 1. For convenience, we write n ≡ nLS and nIS = 1 − n. Using this
notation, the Gibbs free energy and the mixing entropy in Eqs. (S1) and (S2) are now
rewritten as
G(n, P, T ) = nGLS + (1− n)GIS − TSmix, (S6)
Smix = −kBx[n lnn + (1− n) ln(1− n)]. (S7)
At equilibrium, the Gibbs free energy is minimized, namely, (∂G/∂n)P,T = 0. Taking the





where ∆GLS ≡ GLS − GIS. By substituting Eq. (S5) into (S8), the LS fraction n can be
expressed as
n ≡ nLS =
1
1 + (2SelIS + 1) exp(∆HLS/kBTx)
, (S9)
where ∆HLS ≡ HLS−HIS, and 2SelIS + 1 = 3. With the LS fraction (n) obtained, the Gibbs
free energy of the MS phase can be determined [see Eq. (S6)], and the volume of the MS







= nVLS + (1− n)VIS. (S10)
In the main text, Fig. 6 is plotted based on Eqs. (S9) and (S10).
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FIG. S1. (a) Atomic structure and (b) Fe 3d orbital occupations of B1 (Mg0.75Fe0.25)O; (c) total
and projected DOS of B1 LS (Mg0.75Fe0.25)O at V = 35.32 Å
3/cell (P = 0.559 TPa), with the
Fermi level EF ≡ 0 eV.
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FIG. S2. Stabilities and electronic structures of B2 (Mg1−xFex)O (x = 0.125) at P ≈ 1.07 TPa.
(a,f) FeO8 cube in the supercell, with the Fe-O bond lengths (in Å) indicated by the numbers next
to the oxygen atoms; (b,g) phonon dispersions; (c,h) orbital occupations; (d,i) ILDOS of the t2g
band below and above EF (≡ 0 eV); (r,j) total and projected DOS.
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FIG. S3. Relative enthalpies of B1 and B2/rB2 (Mg1−xFex)O in various spin states (with respect
to the B2/rB2 IS state) determined using various Hubbard U . The vertical lines and the numbers
above indicate the crossings and transition pressures, respectively. (a)–(c) x = 0.125 and (d)–(f)
x = 0.25 for U = 6, 7, and 8 eV, respectively.
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